ADb Initio Coupling of Jets to Collective Flow

In the Opacity Expansion

Matthew D. Sievert b [LLINOIS B

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA ICASU

Andrey Sadofyev @Alamos

|Van Vitev NATIONAL LAB ORATORY

EEEEEEEE

Jet Observables at the

Electron-lon Collider July 29, 2020

M. Sievert Jets + Flow in the Opacity Expansion 1/ 18




Jets in Medium: QCD Interferometry

A At highn , jets lose energy primarily by Induced Radiation
radiating a shower of soft gluons + accompanyinGs4 broadening

U In vacuum: Sudakov factor

U In medium: LPM effect

A Theinterference pattern of the shower carries
Information about the medium

Landau,PomeranchukDokl. Akad. Nauk Ser.Fiz92 (1953)
U Position -space information: ” ® Migdal, Phys. Re€03 (1956)

U Momentum space information: L N
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Origins of the LPM Effect: Elementary Phases

U Edge phasesof the emission region (U Phase slip from scattering

(
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The LPM Effect. Simplest Form

Baier et al. Nucl. PhysB484 (1997) "
Gyulassylevai Vitev, Nucl. PhysB594 (2001) Momentum Position Mix of Both

Information Information
ozSCF( d N, )f , doe® 2 k. -q. /L [ ((k—q)% )}
~ E d“q — dzp(z) |1 — cos 7
O(x1) m d’pdE d?q x k7.(k—q)7 Jo pl2) 20 E

Gluon Emission

AN a—49
E
d?pdE d?k dz

Caveats:
A Lowest-order gluon radiation + scattering
U Twist-4 (LOin opacity ..) U Opacity: ... JBOL p
U Sudakou wL p
A General formulation of jets in abackground field U Eikonal: O° Wb
U Applicableto hot or cold nuclear matter i1 Broad: -

OvanesyanVitev, JHERG6 (2011)
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"The LPM Effect: More General Structure

- dN = Cr /d() 1) /’chla"'
A LO structure more generally: ERETRE opn, IR0 7 By
U Light-front wave functions A *f(,,"";’,d,,+ [- B (or - o0
U More complexphase structure (_T__(l o (K Tl a3 ))
U Higher opacitiesgeneratedrecursively N L R~ )
A O" | damplitudes
U Probability to out-scatter the jet from I mreem—— o —
its initial momentum (e e )
_72%’:¢<-(£—r£)u‘(g—r£—(1—1)2)(1—co (AE (k—zp — (1 — 2)q)é> ))l
A é$ | O-A I @dAimfplltudeS (+£ﬂ;+)[[“%‘327] ok — zp)[* (1—cm(AE'(£—@dz+))
U Depletion of probability to retain its _%mg_rz_yvst-ﬁ_w)(ms(AE—(;E_@M)
Initial momentum _ms({ww_rg_ﬂ_M_(&_@]d.z.,))
U Essential forunitarity : ; -
—= |k — .rB)|' cos (AE'(E - .rg)oz“)] } )
M.D.S,Vitev, Phys. Reln98 (2018) -~
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[ Velocity Coupling: Beyond the Elkonal Approximation

External Potential Vertex

(2p o Q)uAgxt(Q)
(p—q)* + e

2

Uy Pt U P PT
—_— —1— O EL
2E(l — ) 2B —u.) (E2

A Non-trivial effects of the mediumvelocity ¢ are generallysuppressed
U Eikonal approximation F© Heffectively takes medium to bestatic
U Timelike component dominates: 0 1 00

x Effectively setsO
A Thefeedback of medium motion onto the LPM interference pattern is a

U Sinced provides a vector direction, velocity corrections are
versus subeikonal corrections to the static medium .

)
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‘ Velocity Coupling in Hot and Cold Nuclear Matter \

A Hot Nuclear Matter: velocity coupling in Heavy-lon Collisions RN,

U Soft particle flow in the quark-gluon plasma

U Inclusive jet yields [=| _ _|. quite sensitive tothe |et, participant plene
lesssensitive tothe medium motion

U Soft-hard correlations [0 {¢}(] )] are directly

sensitive to both GyulassyVitev, Wang, Phys. Rev. Le86 (2001)

A Cold Nuclear Matter: velocity coupling at theEIC

U Orbital motion of partons and nucleons inside a nucleus
U Double-parton distributions and higher MPI
x Correlations of chargeand momentum
Y.KovchegoyM.D.S Phys. Reld89 (2014) Kang et al., Phys. Rev. Létfl2 (2014)

M. Sievert Jets + Flow in the Opacity Expansion 71/18




Starting Point: Velocity Corrections to the Potential

ﬂfmlg)
a 1q-x;1a - - = = - g
g Ald(q) =) e vt wh(@;) bl@.q) (2m)0 (¢ = (@) - §)
Z . . z
Velocity -dependent potentia |
_pE ( v ) _g?
== =1 ; (% f@, —
8 ETA N R
0.8
A Keep velocity corrections to theGyulassyWang u2 06
potential GyulassyWang,Nucl. PhysB420 (1994) I I Y
U Enhanced collinear scattering with the flow .
0.0
0.0 0.5 1.0 15 20 2.9 3.0

U Significantcollisional energy transfer
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Velocity in Jet Broadening: Born Amplitudes

A Start with a calculation ofjet broadening

Zt%“/ q gt i [1— Ei(i'(ﬁ_ﬂl] vi(g:) 3 (p — @)

— uzz)E

x Explicit correction to the

X Velocity-dependentpotential

x Energy shift of jetbynn  ——

[EEEN L PN
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Velocity in Jet Broadening: Translational Invariance

A Neglecting transverse gradients:|= J

=/ d d’q | E
(E d*pdE ) Born fo #te) / ! ( d*(p —q)dE

X Three corrections: deflection angle , energy shift , velocity -dependent potential
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[ Velocity in Jet Broadening: Gradient Corrections

— —

p—q P

A Gradient corrections couple to therelative momentum
(A A) after integration by parts

le 1 3 5 f d2q d2q’ (a—q')- o o = > > >
FE = d 1ngqg—q ) x M (2 M* =
( d2p dE)Born 2(271')3 f wp(m) (27T)2 (27T)2 € (333 q_) (J’.?q ) %%
x

See also: Y. He et acXiv: 2001.08273

Explicit _gradient corrections: Implicit gradient corrections:
p(&) ~ po(2) + Vpol2) ) 1 (@) ~ 115 (2) + N g () ',
(pi})(@) ~ (pi})o(2) + M piil Jo(2) =, v = v(g7; (&)
u, () = uso(2) + Nz o(2) x), T = I(q ue (@), 2 ()
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Velocity in Jet Broadening: Gradient Corrections j

o(qr) = —5—
Here Uy
; 2/ = ~ 2T2 —
. - / dz/d2qa dNo (p—q)’ pAE) ~ g TI)
dedE Born d2 (»—q)dE K C=(pii)
Cr res . . )
<1 o (Vae) + (Vi COI (L) + o Clol (@) (Vi ue)

(v ) e oG5 o (o)

¢ —a OAta e

A First corrections from transverse drift:

A Gradients ofthe density , flow , and (through the )
U Gradients of” h'Yare unsuppressed with energy

M. Sievert Jets + Flow in the Opacity Expansion 12 /18




[ Consistency Test: Double-Born Diagrams and Unitarity j

s
7/ 75-0z) f//’)

P4t 2
A An important consistency check is to calculate the - E £ =

at the same order:

< %) 4% )> L

3(p / ‘ , u. ph "
or [Pt e [ 2l ] [ 2l @ @@ - 0 )5

MyMy) =
(M 0> (p —¢")? + ie p—q—q)?+ie

A Subtlety: evaluatingthe OA T 1T O A Aifitegtaltbéy@n@ the eikonal approximation

4

7= 2 [ (poles) = 112 olabtar) | (5 O + B

2
1 —us m

U Contactintegral contains a newreal part (couples to gradients) and |= (_r) corrections
I
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[ Consistency Test: Double-Born Diagrams and Unitarity }

dN dN
(), (), ]
d p Born d D dbl—Born

. _ AN\ OV ) do , AN
Static medium: (EdTpluu —/dzd qp(2) [qu ~0eld (Q)] (Ed2(p—q) dE)

Unitarity: the total number of jets Is 73
. . _ p
conserved at each order in opacity: ANy = / i3

Moving medium:

dN; \ O , do dNo AN, ON. . (&
b= = — |\ & —FE T(a
( ’ )full /dz T d*q d*(p— q) dE d*p) dE plz) + Cr C1(z)-Elqw)

V Subeikonal corrections up to 0 (pfO) for translationally invariant case

V' Gradient corrections up to 0 (1 ) for the eikonal case
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Velocity in the LPM Effect

k koo
_ R p—q -
A P=4q¢ P__. B o - - S ko (p—k)

A Considerscalar jet particles for simplicity
U Can easilygeneralize the light -front wave functions to quarks and gluons

A(2p — q)a(2ps +q)* -
= - j(p—q)
p=(p —q)

' ([4(1 L (P—q) 20 L1qTi o ( ) S (¢ 2
RLA =1 WC € l'l’(q)(_)) (.2])5 - ({ —— ] )
y4yi

i [ gy ()5 (2ps - g+ ) AR TR —@alps+a)
Rip= fm)g (0)0 (2ps - ¢+ q°) =20 — k= j(p—q)

A Velocity corrections modify the potential and kinematics but

do not modify the elementary LPM phases at |=(—r)
-
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Velocity Corrections to the Interference Pattern

@ (PL—k1) .(@2—2)¢°

d2 . 2
|R13|2:/dzp(z)/(27§2 ‘w(x,kL—SUﬁL—ﬂ?Cﬁ)‘ [12 (1-2)E +2(1—:1:)E

A One illustrative example:

A Additive velocity corrections  to the scatteringvertex and propagator
A Elementary LPM phases are

x But the interference pattern is modified  because of different weights (poles)
U Staticmedium: U L 0N

0 Moving medium: U L 0N Z Different shifts in potential
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